While the recumbent cycling position has become common for high-performance human-powered vehicles, questions still remain as to the influence of familiarity on recumbent cycling, the optimal riding position, and how recumbent cycling positions compare to the standard cycling position (SCP). Eight recumbentfamiliar cyclists and 10 recreational control cyclists were compared using the 30-s Wingate test in 5 recumbent positions as well as the SCP. For the recumbent positions, hip position was maintained 15° below the bottom bracket while the backrest was altered to investigate body configuration angle (BCA: the angle between the bottom bracket, hip, and a marker at mid-torso) changes from 100°t o 140° in 10° increments. Between-groups analysis found that only 4 of the 126 analyzed parameters differed significantly, with all trends in the same direction. Therefore both groups were combined for further analysis. Whole-group peak power (14.6 W/kg body mass) and average power (9.9 and 9.8 W/kg body mass, respectively) were greatest in the 130° and 140° BCA positions, with power dropping off as BCA decreased through 100° (peak = 12.4 W/kg body mass; avg. = 9.0 W/kg body mass). Power output in the SCP (peak = 14.6 W/kg body mass; avg. = 9.7 W/kg body mass) was similar to that produced in the 130° and 140°r ecumbent BCA. Average hip and ankle angles increased (became more extended/ plantar-flexed), 36° and 10°, respectively, with recumbent BCA, while knee angles remained constant. The lower extremity kinematics of the 130° and 140° BCA were most similar to those of the SCP. However, SCP hip and knee joints were slightly extended and the ankle joint was slightly plantar-flexed compared to these two recumbent positions, even though the BCA of the SCP was not significantly different. These findings suggest: (a) the amount of recumbent familiarity in this study did not produce changes in power output or kinematics; (b) BCA is a major determinant of power output; and (c) recumbent-position anaerobic power output matches that of the SCP when BCA is maintained, even though lower extremity kinematics may be altered.
Introduction
The recumbent cycling position has become popular for high-performance humanpowered vehicles due to its reduced aerodynamic drag compared to a fully crouched standard racing position (Gross, Kyle, & Malewicki, 1983) . With the hips almost directly behind the crank, horizontally, and the torso elevated only slightly to see forward (Figure 1 ), the recumbent cycling position reduces the effective frontal area, and in turn the aerodynamic drag compared to the standard cycling position (SCP: riding with a 75° seat-tube angle and variable forward torso lean).
The orientation of the lower extremity and torso may be manipulated independently or simultaneously to modify the aerodynamics and riding position of the vehicle. Rider position may be critical in determining the rider's peak-power output capacity (Too, 1991 (Too, , 1994 Yoshihuku & Herzog, 1996) , and therefore also the top speed of the vehicle. Rider position is defined by the configuration of the body segments relative to each other, termed body configuration angle (BCA: the angle between the bottom bracket, hip joint center, and a marker at mid-torso), and the orientation of the lower extremity relative to gravity, termed the hip orientation angle (the angle between a line drawn between the bottom bracket and hip joint, relative to the horizontal), as shown in Figure 1 .
Altering the BCA will mainly affect the mean hip angle while cycling, with only small adjustments at the knee and ankle (Heil, Derrick, & Whittlesey, 1997; Heil, Wilcox, & Quinn, 1995; Price & Donne, 1997; Too, 1991; Umberger, Scheuchenzuber, & Manos, 1998) . Likewise, altering the hip orientation angle will mainly affect the relative pull of gravity on the body segments that may directly change the effective forces on the pedal (Browning, Gregor, & Broker, 1992 ; De Groot, Welbergen, Clijsen, et al., 1994) and cause small adjustments at the ankle, knee, and hip (Brown, Kautz, & Dairaghi, 1996) .
The effects on peak-power output by altering the body configuration in some manner have been examined in both the recumbent (Too, 1991; Welbergen & Clijsen, 1990 ) and the standard cycling position (Umberger et al., 1998; Welbergen & Clijsen, 1990) . However, each of these studies has limitations that reduce its applicability in determining the true effect of altering BCA on peak-power output.
To date, we know of no study that has effectively isolated the effect of BCA on peak-power output in recumbent cycling positions. Since the tradeoffs between the aerodynamic improvements made based on BCA adjustments and the effects on power output are not well understood, it is presently impossible to optimize the design of a human-powered vehicle for high speeds.
In addition to the lack of understanding concerning the effects of body configuration on peak-power output, it is unclear how power outputs in recumbent cycling positions compare to those measured in the SCP, in terms of both peak-power output and the influence of training. This information is critical for two reasons: (a) cyclists with no recumbent cycling experience are often recruited to ride recumbent vehicles and given only a short period of time to train in the recumbent position prior to competition; and (b) recumbent vehicles are often designed with power output parameters defined based on tests performed in the SCP.
The objectives of this investigation were threefold: (a) Determine whether having a cyclist train in a recumbent position for a short period of time will produce adaptations that alter recumbent cycling peak-power output and lower extremity kinematics. (b) Determine the effects of changes in BCA, while keeping hip orientation constant, on peak-power output in recumbent cycling. (c) Determine how peak-power output in the SCP compares to similar measures taken during recumbent cycling.
Methods
Eighteen male recreational cyclists were separated into two groups based on their familiarity with the recumbent cycling position (familiar: n = 8; control: n = 10). Familiar-group cyclists averaged one or more cycling sessions per week of at least 30 min duration on a Schwinn 205P stationary recumbent trainer (Schwinn Cycling & Fitness, Inc., Boulder, CO) during the 8 weeks prior to testing (mean ± SD = 1.5 ± 0.4 sessions a week) The control group performed no recumbent cycling except for one cyclist who began the recumbent training but did not continue. There was no history of recumbent cycling experience for any of the cyclists. No restrictions were placed on the amount of cycling in the SCP for either group during the 8 weeks prior to the start of testing.
Prior to participation, data were collected on the cyclists' age, mass, standing height, and lower extremity anthropometric measures of the right side (Table 1) . For both groups, the maximum hip-to-pedal distance while cycling was set at the beginning of each session at 105% of the standing leg length from greater trochanter to the floor.
To accommodate the changes in BCA required of this study and maintain consistent hip orientation and hip-to-pedal distance, a custom built, variable seating device was interfaced with a Monark 824E bicycle ergometer (Monark Exercise AB, Varberg, Sweden) (Figure 1 ). The ergometer was equipped with 175-mm crank arms and Shimano SPD ® compatible clipless pedals (Shimano American Corp., Irvine, CA).
Seven test sessions were required of each participant. The first session obtained university-approved informed consent, information on cycling experience, anthropometric measures, and health status. Additionally, since pilot testing showed a one-test learning curve, a test was administered in a random position to familiarize participants with the apparatus and procedures. Each of the remaining 6 sessions tested a different cycling position in a random order, with the position of the orientation session repeated last. Five of the cycling positions tested were recumbent with a -15° hip orientation angle and backrest angle of 30°, 40°, 50°, 60°, or 70° (torso angle of 25°, 35°, 45°, 55°, or 65°), allowing for analysis of BCA from 140° to 100°. The 6th position was a SCP with a 75° hip orientation angle and no backrest so that the participant could choose his own angle of torso lean by adjusting handlebar height and rotation.
The -15° hip orientation angle was selected for its practicality in a streamlined recumbent vehicle. In this position the feet do not drop below the lowest point of the buttocks and increase the frontal cross-sectional area of the vehicle. The maximum and minimum backrest angles of 70° and 30°, respectively, were set after selecting the hip orientation angle. Again, practicality in a streamlined vehicle was the main criterion for selecting this range. However, care was also taken to ensure that the BCA range included the one normally used by cyclists in the SCP.
There was a minimum of 24 hours between test sessions and a maximum window of 14 days to complete all sessions. Each participant tested at the same time of day, and exercise was to be kept to a minimum during the hours prior to testing. For each recumbent position, the participant was strapped to the seating device with both a hip and mid-torso belt. Participants remained seated; however, no belts were worn during the SCP testing.
In order to quantify body position and lower extremity joint kinematics while cycling, we placed reflective markers on each cyclist's right mid-torso (mid rib cage, in line with hip/shoulder axis), hip (approximating the greater trochanter), knee (lateral femoral epicondyle), ankle (lateral malleolus), and toe (head of 5th metatarsal). Markers were also placed on the ergometer at the crank and pedal spindle centers ( Figure 1 ). The 30-s Wingate test, which is generally accepted as a valid tool for assessing maximal anaerobic power output (Bar-Or, 1987) , was chosen for this study. The test protocol was similar to that utilized by the Sport Science & Technology Division of the U.S. Olympic Committee (R.L. Wilber of USOC, responsible for testing elite cyclists, personal communication, March 1998). The protocol consisted of a 5-min warm-up with a load of 2.0% body mass in the test position of that session. During the warm-up period, two 5-s sprints with a load of 4.1% body mass were performed at the 3-and 4-min marks. A 3-min recovery period followed the warm-up prior to the test. To begin the test, each participant cycled at 60 rpm against zero load until, after a 5-s countdown, the resistance was increased to 8.5% body mass and he pedaled as hard and fast as possible for the next 30 s. After the test, the participant was allowed to continue cycling against a light load for recovery.
Power output during the test was measured with the OptoSensor 2000™ (Sports Medicine Industries, Inc., St. Cloud, MN). Power was calculated at 1-s increments throughout the test using the velocity of the flywheel, belt friction torque, and the inertial contribution of both the flywheel and crank from their respective angular accelerations (Reiser, Broker, & Peterson, 2000) .
From each test, peak-power and minimum-power output were calculated by averaging the largest and smallest powers computed during rolling consecutive 5-s intervals, respectively. Peak power and minimum power were then used to calculate the fatigue index (percentile difference of peak power minus minimum power divided by peak power). Average-power output was calculated over the entire test.
Also during the test, the participants were videotaped by a camera positioned orthogonally to the plane of motion at a distance of approximately 4 m and operating with a shutter speed of 0.001 s. The reflective markers were automatically digitized (Peak Motus System, Peak Performance Technologies, Inc., Englewood, CO) at 30 Hz for three successive pedal revolutions that crossed the 15-s mark during the test, beginning at top dead center. The 2-D coordinate data were then smoothed at 5 Hz using a recursive, low-pass Butterworth filter.
Hip orientation angle, torso angle, BCA, and maximum hip-to-pedal distance were all calculated along with maximum, average, and minimum hip, knee, ankle, and pedal angles (Figure 1 ). Hip angle was defined as the angle between the midtorso, hip, and knee markers. Knee angle was defined as the angle between hip, knee, and ankle markers, with zero referenced at full extension and the angle increasing with knee flexion. Ankle angle was defined as the angle between the knee, ankle, and toe markers. Pedal angle was defined as the angle produced by the line connecting the toe marker with the center of the pedal spindle relative to vertical. Maximum and minimum values are an average of the three maxima or minima from the digitized pedal cycles, while the remaining kinematic parameters are an average of the entire three pedal cycles.
Both groups were compared, position for position, using Student's t-test (twotailed, two sample with equal variance). The between-groups analysis found no significant differences in any of the 21 kinetic parameters, and only 4 differences (p = 0.05) in any of the 105 kinematic parameters (minimum hip angle in the 130° BCA position, minimum knee angle and maximum hip-to-pedal distance in the 120° BCA position, and maximum hip-to-pedal distance in the 130° BCA position).
Due to the lack of differences and the similarity in all trends between groups, both groups were combined for comparisons across the positions. The 5 recumbent positions and SCP were compared using repeated-measures analysis of variance with post hoc analysis using Tukey's honestly significant difference. (Due to the extreme differences in torso angle and pedal angle between the recumbent positions and the SCP, the SCP values were held out of the statistical procedures for these two parameters.) Additionally, the optimal recumbent peak-power output position (ORP) for each cyclist was selected from one of the 5 recumbent positions for comparison with the SCP. Between the ORP and the SCP, Student's t-test (two-tailed with repeated measures) was used for comparison. All significance was evaluated at the P = 0.05 level.
Results
Hip orientation angle, torso angle, BCA, and maximum hip-to-pedal distance were well controlled in the experiment ( Table 2 ). The BCA produced through the combined hip orientation angle and torso angle were within 2° of the expected BCA. Each recumbent BCA differed significantly from the others. However, the average BCA in the SCP was not significantly different from either the 130° or 140° recumbent BCA. The BCA for the ORP was within 1° of the SCP. The maximum hip-to-pedal distance, expressed as a percentage of the participant's standing leg length, showed slightly greater variation than the other controlled parameters. Five out of 6 positions averaged 104% or 105%. The 7th position (BCA = 110°) averaged 103%, which was significantly different from the 105% maximum hip-to-pedal distance.
Peak power and average power exhibited similar trends across positions (Figure 2 and Table 3 ). Both peak power and average power were greatest in the 130° and 140° BCA positions, creating a small "zone" of maximum performance, with power dropping off as much as 15% as BCA decreased further. The power output of these two recumbent positions was similar to that produced in the SCP.
The fatigue index values showed a small amount of decline as BCA was reduced. However, only the fatigue index in the 100° BCA position was significantly less than the other positions, including the SCP.
The ORP was evenly distributed between the 130° and 140° BCA positions. The only exception to this was one member of the recumbent-familiar group who produced peak power in the 120° BCA position. The peak power and average power produced in the ORP were greater than those in the SCP, with the average power being significantly greater.
Changes in power output with BCA were accompanied by changes in lower extremity kinematics (Table 4 ). The 10° increases in BCA produced roughly 10° increases in hip angles (Figure 3 ). All recumbent hip angles were significantly different from each other, except for the maximum hip angles in the 120° and 110° BCA positions. The hip angles in the SCP were significantly greater than all the recumbentposition hip angles, except for the 140° BCA position.
Changes in BCA did not produce any consistent or significant changes in knee angle. However, the knee angles in the SCP were significantly lower than the knee angles of all recumbent positions. Ankle angles exhibited a general increase of about 10° total as the BCA increased across the studied range. Ankle angles in the 130° and 140° BCA positions were significantly greater than those in the 100° and 110° BCA positions. Average and minimum ankle angles in the 120° BCA position were also significantly greater than those in the 100° BCA position. Ankle angles in the SCP were significantly greater than all those in the recumbent positions except for the 130° and 140° BCA positions.
There were no significant differences in the pedal angles of the recumbent positions. However, pedal angles in the recumbent positions were significantly greater than those in the SCP.
Even though the BCA of the ORP was only 1° more than that of the SCP, 6 out of 9 lower extremity joint angles were significantly different ( Table 4 ). The hip and ankle angles were lower in the ORP compared to the SCP, with the maximum hip angle and the average and minimum ankle angles significantly lower. All knee angles were significantly greater in the ORP compared to the SCP.
Discussion
Familiarity with recumbent cycling may have produced some minimal, but generally not significantly different, changes in both power output and cycling kinematics. However, the degree to which the differences between groups may be attributed to recumbent familiarity is limited. Participants were not pretested 8 weeks prior to being posttested, thus general fitness level and cycling kinematics prior to any recumbent training could not be compared. Additionally, the control group was not required to add any further SCP cycling training to their regimen to account for the additional cycling of the recumbent-familiar group.
The lack of consistent differences in power output and cycling kinematics between groups is plausible, given the similar BCA of the recumbent cyclists to the SCP and the limited amount of intense recumbent training by the recumbent-familiar group. Even though the participants in that group were aware that they would be tested with a sprint test at the end of 8 weeks of training, most of the training was of relatively low intensity and could not be expected to improve power output dramatically.
The small zone of stable power output followed by a significant (15%) decrease in peak-power output with reduced BCA found in this study is consistent with Yoshihuku and Herzog (1996) ; they found peak-power output to be stable near the optimal hip angle, with power dropping from 10 to 17% (depending on definition of muscle model) as the pelvis was rotated forward up to 30° from the optimal position. It is likely that the 40° change in BCA in this study was due to both changes in pelvic tilt and, to a small degree, to spinal flexion. However, pelvic tilt could not be measured due to obstruction of view by the hip belt.
The optimal zone around the 130 to 140° BCA is consistent with the majority of the work where the effects of BCA on cycling performance were examined (Heil et al., 1995; Umberger et al., 1998; Welbergen & Clijsen, 1990) . However, several studies were not necessarily supportive of these findings. From the measures taken by Price and Donne (1997) , the BCA could not be determined, and Heil et al. (1997) found no consistent trends except that participants were most efficient in BCA positions that matched their road bicycles.
Additionally, Too (1991) reported an optimal BCA near 115°, outside the optimal zone found in this study. Other factors such as altering hip orientation angle in conjunction with BCA, limited number of positions tested, and participant population may have contributed to the different results between this study and that of Too (1991) .
The major reason for the difference in optimal BCA between this study and the one by Too (1991) is most likely the different populations tested. Both studies used participants classified as "recreational cyclists." However, the ones in the present study were recreational off-road cyclists while those in Too's study were recreational road cyclists. The two types of cycling require slightly different BCA. The optimal recumbent position BCA found here matched the preferred BCA of the participants in the SCP. Too (1991) did not test the participants in the SCP, but the BCA which he found to be optimal is very similar to that which has been measured on track cyclists (Cavanagh & Sanderson, 1986) . The track cycling BCA is expected to be very similar to the crouched road cycling BCA used in sprinting. Given adequate training, the muscles acting at the hip may be able to alter their force-length properties enough to change the joint angles where peak power is achieved (Herzog, Guimaraes, Anton, & Carter-Erdman, 1991) .
BCA alterations caused the greatest changes in hip angle, with smaller changes in ankle angle and virtually no changes in knee angle. These findings are consistent with those of other researchers (Heil et al., 1995; Price & Donne, 1997; Too, 1991; Umberger et al., 1998) . The present study along with Heil et al. (1995) have been the only two to find significant differences in ankle angles with changes in hip orientation angles. This is most likely due to the relatively large number of participants in these two studies, as well as the relatively large range in hip orientation angles compared to the other studies.
It appears that the body attempts to maintain the knee motion at the expense of hip and ankle motion. This suggests that the uniarticular muscles acting across the knee joint (three vasti and short head of the biceps femoris) may be the most critical muscles for power production in cycling, in terms of operating length and joint moments. The bi-articular muscles acting across the knee (rectus femoris, long head of biceps femoris, semitendinosus, semimembranosus, gracilis, sartorius, and gastrocnemius) may be compensated by alterations of motion at the hip and ankle. This is plausible given that knee joint muscle power is greater than that of both the hip and ankle, and that it is substantial in both extension and flexion (Broker & Gregor, 1994) . Raasch, Zajac, Ma, and Levine (1997) elucidated upon this by simulating maximal-effort pedaling with a musculoskeletal model and found that the uniarticular knee extensors generated most of the power. Additionally, the ankle joint is more of a transfer joint than one for generating power (Raasch et al., 1997; Yoshihuku & Herzog, 1996) , making the ankle angle less critical than the knee angle.
Alternatively, changing the reaction forces and skeletal loading of the knee may affect power output through neural feedback mechanisms. However, without more in-depth analysis of the musculoskeletal biomechanics, including kinetics, little can be concluded as to how the muscles are affected by the altered BCA, especially since pelvic rotation and familiarity may also play a role.
It also appears that there is a preferred pedal orientation for force application while cycling, which is maintained at the expense of the hip and ankle motion. Changing the pedal orientation may reduce the effective forces on the pedal, or cause detrimental joint reaction forces.
Peak power and average power are not reduced by cycling in a recumbent position, as long as the BCA that is preferred by the cyclist in the SCP is maintained. In fact, peak power and average power may increase slightly, as shown in the ORP com-pared to the SCP. This slight improvement may be due to having a firm seat and backrest to push against while cycling in the recumbent position. However, this may not be the case in more extreme recumbent hip orientation angles.
The kinematics produced in the ORP were the most similar of the recumbent positions compared to the SCP. However, the differences were generally large enough to be significant. These differences may be a result of comparing the best of the 10°i ncremented recumbent positions with that of the subject-selected SCP. There may also be some changes induced in the kinematics from the altered hip orientation angles, and an altered pull from gravity on the segments of the lower extremity. The altered pull on the segments may produce slightly different moments about the joints, resulting in different preferred joint angles.
Additionally, the forces on the pedals may be altered, causing slightly different cycling kinematics. In the SCP there is positive gravitational force for cycling during the propulsive phase of the pedal cycle. However, in the recumbent positions, with the hips behind the bottom bracket, there is positive gravitational force only after the propulsive phase is considered over. There is also an inertial contribution to the pedal force that may be altered by different segment orientations. However, these gravitational and inertial effects do not seem to alter the BCA that was found to be optimal, or the ability to produce power in the positions tested. This is consistent with Brown et al. (1996) , who conducted a steady-state, low-power output study and found that lower extremity kinematics were altered by changes in hip orientation angle. However, it was suggested that these changes were not large enough to produce significant changes in muscle length, and therefore power output.
From the present investigation, five main conclusions may be drawn: (a) If large training effects are expected during recumbent cycling compared to standard cycling, a longer time period, increased intensity, vastly different BCA, or a combination of these variables is needed to elicit these changes. (b) Small changes on the order of 10° from the optimal BCA "zone" may not reduce peak-power output significantly, but may reduce power output enough to influence the top speed while sprint cycling in a less-than-optimal BCA. (c) The optimal recumbent cycling BCA is most similar to the BCA chosen by the rider when tested in the SCP. The power output in the optimal recumbent cycling BCA position is not reduced relative to the SCP, and may actually be enhanced by having a firm seat to push against. (d) Manipulating hip orientation will induce small changes in lower extremity kinematics. However, these effects on power output are insignificant. (e) While this research adds to our knowledge of recumbent cycling, more research is needed on the influences of training on BCA and power output.
